Abstract. We studied the temperature-and denaturant-induced denaturation of yeast enolase by means of Fourier transform infrared spectroscopy. The temperature-induced denaturation/aggregation of the enzyme in the absence of denaturant was highly cooperative and occurred between 55 and 65
Introduction
Enolase (2-phospho-D-glycerate hydrolyase, EC 4.2.1.11) is a glycolic protein that catalyzes the dehydration of 2-phospho-D-glycerate to form phosphoenolpyruvate. Yeast enolase exists as a dimeric protein composed of two chemically identical subunits [1, 2] with 436 residues each [3] [4] [5] [6] . Each monomer contains two metal binding sites, the "conformational" (site I) and the "catalytic" (site II), and has an absolute requirement for a certain divalent cation (Mg 2+ or Mn 2+ ) for enzymatic activity [4, 7] . Binding of metal ions at site I induces conformational changes at the enzyme active site, which enables the binding of substrate or substrate analogue [8] . Following the binding of the first metal ion and substrate, binding of metal ions at site II initiates the catalytic reaction [9] .
X-ray crystal structures of yeast enolase in both the apo and holo forms are currently available [10, 11] . High-resolution crystal structure revealed that yeast enolase is a modified (βα) 8 barrel protein with a core structure arrangement of ββαα(βα) 6 topology [10, 11] . Each monomer of the dimeric enzyme consists of two domains: a smaller N-terminal domain with a three-stranded antiparallel β-meander, followed by a long α-helix and three shorter helices, and a larger C-terminal domain with an 8-fold βα-barrel motif. Unlike the classical (βα) 8 barrel of triose-phosphate isomerase (TIM), the inner β 8 -barrel of yeast enolase is not an uninterrupted parallel β-sheet, but with the β 2 -strand runs antiparallel to the β 1 and β 3 strands [10, 11] . Although the evolutional link between members of the enolase superfamily and the wider superfamily of phosphate-binding TIM barrels could be established via a sequence family of unknown structure and function, the UPF0034 proteins, and a circular permutation theory, the unique arrangement of ββαα(βα) 6 of enolase has not been illustrated [12] .
Despite its unique βα-barrel arrangement, the thermal stability and chemical unfolding of yeast enolase have not been carefully studied. It is unclear whether the ββαα(βα) 6 barrel topology and the antiparallel interruption affect the thermal stability and chemical denaturant-induced unfolding of the protein in relation to the archetypal (βα) 8 barrel protein with an uninterrupted parallel β-sheet. In the present work, we carried out studies on heat-induced denaturation/aggregation and chemical denaturant guanidine hydrochloride (gdnHCl) induced unfolding of yeast enolase using Fourier transform infrared spectroscopy (FT-IR). The results of this study were compared with the reported experimental data on the heat-and gdnHCl-induced denaturation for TIM obtained with various techniques. FT-IR spectroscopy has proven to be a valuable tool for studying protein denaturation/aggregation due to its insensitivity to the interference by light scattering. It has been used to monitor the denaturation processes of proteins induced by various denaturation factors including thermal, chemical or a combination of chemical and thermal factors [13] [14] [15] .
The thermal aggregation profiles of yeast enolase in the absence or presence of non-denaturing concentration of gdnHCl (0.4 M) revealed that the thermal denaturation of the enzyme is highly cooperative and describable with a two-state model. The midpoint temperature (∼58 • C) of thermal denaturation of yeast enolase is comparable to the values reported for the archetypal (βα) 8 -barrel protein TIM of various species (54-60 • C) [16] [17] [18] . The denaturant-induced unfolding occurred at gdnHCl concentrations between 0.4 and 1.6 M with a midpoint around 0.8 M, which is comparable to the values (0.5-1.1 M) reported for TIM of various species [19, 20] .
Materials and methods

Materials
Enolase (Baker's yeast, E6126) was purchased from Sigma and used without further purification. Guanidine hydrochloride (gdnHCl) was SigmaUltra grade. The stock solutions of proteins were prepared by dissolving lyophilized proteins in 50 mM potassium phosphate buffer, pH 7.2, and dialyzed overnight against the same buffer. The protein concentration was determined spectrophotometrically (ε 280 = 0.89 ml mg −1 cm −1 ) using a molecular weight of 46,500 Da for the monomer [5, 21] . The stock solution of gdnHCl was prepared in 50 mM potassium phosphate buffer at a concentration of 6 M and pH adjusted with KOH solution. GdnHCl concentration was determined using a refractometer and following equation [22] :
where ∆N is the difference between the refractive index of a gdnHCl solution and that of a buffer. Samples for chemical denaturation analysis were prepared by mixing together aliquots of stock solutions of protein, gdnHCl and buffer. Resultants were equilibrated for 30 minutes at room temperature. Final concentrations of the protein samples were 20 mg/ml.
FT-IR spectroscopy
Protein samples were placed in a heatable liquid IR cell (Graseby Specac) with CaF 2 windows and a 6-µm spacer. Infrared spectra were measured with a Nicolet 730 FT-IR Spectrometer equipped with a dTGS detector and processed with Omnic software (Nicolet). For each spectrum, a 128-scan interferogram was collected in single beam mode with a 4 cm −1 resolution. Reference spectra were recorded under identical scan conditions with only the corresponding buffer or buffer/gdnHCl in the cell. The temperature at which a spectrum was acquired was controlled within 0.5 • C using a custom-built Peltier cell temperature controller. Spectral acquisition at a given temperature required approximately 6 minutes (i.e., dwell time at the given temperature). The average heating rate between spectral acquisition temperatures was 1.5 • C/min. Protein spectra were obtained according to previously established criteria and double-subtraction procedure [23, 24] . Second-derivative spectra were obtained with a 7-point SavitskyGolay derivative function. All second-derivative spectra were baseline corrected and area normalized as previously described [14] after being imported into BGRAMS/386 software (Galactic Industries). Final spectra were treated with a 2× interpolate function and plotted with a SigmaPlot 5 software (Jandel Scientific). Secondary structure content of yeast enolase in the native state was determined by curve-fitting analysis of the inverted second-derivative spectrum as described previously [25] .
To compare the overall structural similarity between the native and denatured states as a function of temperature, the fractions of area overlap were calculated using normalized second-derivative spectra as described previously [26] . The correlation coefficient (r value) was calculated by the following formula [27, 28] :
, where x i , y i = intensity of (reference spectrum, comparison spectrum) at wavenumber (i). The value of r equals 1 when there is no conformational change in the protein. The larger the changes in conformation, the greater the differences between the spectra and the smaller the value of r. Figure 1 shows the primary infrared spectra of yeast enolase as a function of temperature. The most intense band between 1700 and 1600 cm −1 is the amide I band, which arises primarily from the C=O stretching vibration of the peptide linkages that constitute the backbone structure of the protein [29, 30] . At lower temperatures (25-55 • C), yeast enolase exhibits its amide I band maximum at 1655 cm −1 , indicating the presence of predominant α-helix structure [23, 30] . As temperature increases to above 55 • C, the intensity at 1655 cm −1 decreases dramatically, which is accompanied by increases of intensity at 1696 and 1622 cm −1 . The latter are indicative of formation of intermolecular β-sheet aggregates [14] . The band between 1600 and 1500 cm −1 is the amide II band, which arises mainly from an out-ofphase combination of N-H in-plane bending and C-N stretching vibrations of peptide linkages [29] . The amide II band maximum of yeast enolase was observed at 1549 cm −1 at lower temperatures and shifted gradually to 1538 cm −1 during the course of thermal denaturation. It is generally believed that the amide • C. The spectral contributions from liquid and gaseous water have been removed as described under Methods and materials. Fig. 2 . The curve-fitted inverted second-derivative amide I spectrum of yeast enolase at 25
Results
Thermally induced structural transition
• C. The inversion of second-derivative spectrum was done by factoring by −1. The curve-fitting was carried out as described under Materials and methods.
II band is less useful in protein secondary structure determination. A red-shift in frequency was also observed in the amide III region (1350-1220 cm −1 ) as a function of temperature. This is consistent with the assignments for α-helix (1330-1300 cm −1 ) and β-sheet (1255-1220 cm −1 ) in this region [31] and reflects the conformational transition from an α-helix predominant to a β-sheet predominant structure. Furthermore, It is noteworthy that the bands at 1458 and 1381 cm −1 , assignable to the asymmetric and symmetric angle bending modes of side-chain CH 3 groups [29] , respectively, were found in two distinct groups, the native (25-55 • C) and the aggregated (60-75 • C). The intensities of CH 3 vibrations of the aggregated state were significantly weaker than that of the native state.
To obtain more detailed information about the secondary structures of the enzyme, we carried out the 18.7 β-sheet a The amide I band assignments were made on the basis of previous FT-IR spectroscopic studies of other globular proteins in H2O solutions [23, 24] . second-derivative analysis to reveal underlying amide I components. Quantitative analysis by the curvefitting was performed on the spectrum of the native state obtained at 25 • C (Fig. 2) . A total of eight band components were revealed under the amide I contour. Among them, seven are known to associate with various secondary structural elements and one (1613 cm −1 ) has been generally assigned to the side-chain vibrations of amino acid residues [32] . According to the previous studies of other globular proteins in H 2 O solutions [23, 24] Table 2 ). Figure 3 shows the second-derivative spectra of enolase in the amide I region as a function of temperature. At temperatures below 55 • C, the spectra of enolase retained all its native-like features. As temperature increased further, however, the intensities at 1656 (α-helix) and 1634 cm −1 (native β-sheet) decreased dramatically, accompanied by the appearance of two new bands at 1622 and 1696 cm −1 , indicative of intermolecular β-sheet aggregates [14] . Five isosbestic points were observed at 1690, 1664, 1646, 1640 and 1629 cm −1 . This result suggests that yeast enolase underwent a two-state thermal transition from the native state (dimer) to the aggregated state (assumable monomers). After being cooled from 75 to 25 • C, the second-derivative spectrum of enolase exhibited all spectral features of that obtained at 75 • C, except a ca 2 cm −1 red-shift (from 1622 to 1620 cm −1 ) at the band assigned to the intermolecular β-sheet aggregates, indicating an irreversible thermal denaturation process.
To quantitatively describe the thermally induced conformational transition of the enzyme, we employed two independent methods: area overlap and relative intensities. Figure 4 shows the plot of the area overlap in the amide I region between the spectra of the native and aggregated states, as well as the plot of changes in relative intensities at 1656 cm −1 (predominantly α-helix, Fig. 2 ), as functions of temperature. For a selected variable, the changes in the amide I area overlap between the spectra of reference (native state) and samples reflect the changes in global structure [26] . On the other hand, the changes in the relative intensity of a selected amide I component reveal the changes in specific secondary structure [14] . Both plots show that the thermally induced conformational transition occurs between temperatures 55 and 65 • C with midpoint of ∼58 • C. Figure 5 shows the second-derivative spectra of yeast enolase in the amide I region as a function of gdnHCl concentration. In the presence of low concentrations (0.2-0.4 M) of gdnHCl, a small intensity increase at 1656 cm −1 (α-helix) was observed, indicating a slight increase in the content of α-helix structure. However, as gdnHCl concentration increased, the intensity of the 1656 cm −1 band gradually decreased, accompanied by the appearance of new bands between 1670 and 1660 cm −1 , a region generally associated with β-turn (1672±3 cm −1 ) and 3 10 -helix/type III turn (1663±3 cm −1 ) structures [23, 29] . In the presence of 1.6 M gdnHCl, the 1656 cm −1 band was no longer clearly identifiable, indicating a full disruption of the native α-helix structure. However, the residual structures continued to change at higher gdnHCl concentrations (1.8-3.0 M). Multiple band components were observed between 1690-1665 (β-turns) and near 1658 (α-helix/loop), 1648 (random), and 1638 (β-sheet) cm −1 [23, 33, 34] . This result suggests that gdnHCl-induced unfolding of yeast enolase proceeds in two distinctly different stages: disruption of the native secondary structures and various unfolded states. The latter indicates that the gdnHCl-unfolded state is a dynamic, heterogeneous ensemble of unfolded conformations containing β-turn, helix/loop, and random structures. A transient appearance of two bands at 1696 and 1621 cm −1 , indicative of the intermolecular β-sheet aggregate, was observed, in various degree, in the presence of 0.6, 0.8, and 1.0 M gdnHCl. The two bands disappeared as the concentration of gdnHCl increased above 1.2 M. No clear defined isosbestic point was observed, which suggests multiple states conformational transitions. Figure 6 shows the plots of amide I area overlap and relative intensities at ∼1656 cm −1 as functions of gdnHCl concentration. Both plots show that yeast enolase unfolded between 0.4 and 1.6 M gdnHCl with midpoint of ∼0.8 M.
Chemically induced structural transition
Chemothermally induced structural transition
In an effort to trap any possible intermediate state during thermal denaturation, we performed the thermal experiments in the presence of two different concentrations (0.4 and 0.6 M) of gdnHCl. From gdnHCl-induced unfolding profile (Fig. 6) , we learned that yeast enolase retained its native or native-like conformation in the presence of 0.4 M gdnHCl at 25 • C. It became partially unfolded and even aggregated (small fraction) in the presence of 0.6-1.0 M gdnHCl (Fig. 5) . Recently, Dong and colleagues [15] reported that in the presence of a non-denaturing concentration of gdnHCl, it was possible to populate and thus trap the intermediate state during thermal denaturation of three α-helix predominant proteins. Here, we are interested in how a non-denaturing (0.4 M) and a partial-denaturing (0.6 M) concentration of gdnHCl might affect differently the thermal aggregation process of the enzyme. Figures 7 and 8 show the second-derivative spectra of yeast enolase recorded in the presence of 0.4 and 0.6 M gdnHCl, respectively, as functions of temperature. The thermal aggregation process of the enzyme in the presence of gdnHCl started at a much lower temperature than that of the absence of gdnHCl. Figure 9 shows the plots of relative intensity changes at ∼1656 cm −1 (predominantly α-helix) with or without gdnHCl as functions of temperature. In the absence of gdnHCl, the thermal aggregation of enolase was observed between 55 and 65 • C with a midpoint of ∼58 • C, whereas in the presence of 0.4 M gdnHCl, the aggregation process occurred at a much lower temperature range • C) with a midpoint of ∼38 • C. The midpoint shifted even lower (∼27 • C) in the presence of 0.6 M gdnHCl. However, no intermediate state was detectable in both cases. The results indicate that the thermal aggregation of yeast enolase, with or without low concentration of gdnHCl, is a two-state process involving only the native and aggregated states.
Discussion
Protein folding/unfolding and aggregation are arguably among the most important processes studied in molecular biophysics and structural biology [35] [36] [37] . In efforts to elucidate the mechanism by which Fig. 6 . The plots of relative intensities at 1656 cm −1 and area overlap as functions of gdnHCl concentration. The intensity at 1656 cm −1 (predominantly α-helix) was calculated as the difference between the peak maximum and baseline. The intensity value measured at 25
• C without gdnHCl was used as the value of 100%. protein folds and unfolds, scientists have explored a wide range of physical and chemical factors known to perturb protein structures, including temperature, pH, pressure, concentration, ionic strength, chemicals and chemical denaturant by a variety of analytical techniques. However, studies of protein folding/unfolding are often plagued by competing, off-pathway aggregation processes. Protein aggregates are also known to play a critical role in pathology of a large group of diseases called amyloidoses [38, 39] . Human amyloidoses including common neurodegerative diseases such as Alzheimer's disease and Parkinson's disease, as well as systemic diseases such as monoclonal light chain amyloidosis and adult diabetes, have affected the lives of millions of peoples in the United Sates [40] [41] [42] .
Enolase, a member of the enolase superfamily, is among the few dozens of proteins with a (βα) 8 barrel structure [12, 43, 44] . This structural motif provides researchers with a unique specimen for studying protein folding/unfolding and aggregation process. However, little is known about thermal stability and the chemically induced unfolding of enolase. Most attentions have, so far, been focused on triose-phosphate isomerase, a single domain architectural prototype of the (βα) 8 -barrel proteins [16] [17] [18] 45] . In this study, we provide new insight into the structural stability and thermal/chemical denaturation of yeast enolase.
Amide I band assignments
The amide I band assignments for yeast enolase are consistent with the amide I band assignments for the other globular proteins in H 2 O solution [23, 24] . However, the assignments for the two bands at 1701 cm −1 (high wavenumber β-sheet component) and 1661 cm −1 (3 10 -helix and type III turn), respectively, are worthy of further discussion.
Despite cautions made by Susi and Byler [46] , the presence of a high wavenumber β-sheet component has often been used as an exclusive indicator of the antiparallel β-sheet structure by many investigators. Although it is not the best example for proteins with parallel β-sheet structure due to the presence of a three-stranded antiparallel β-meander and antiparallel insertion of the β 2 -strand, the β-sheet structure of yeast enolase is predominantly parallel [10, 11] . Thus, the small but readily detectable high wavenumber β-sheet component at 1701 cm −1 (Figs 2 and 3) is most likely associated with the parallel β-sheet structures of the enzyme. It has a higher frequency than those found in the spectra of most, if not all, antiparallel β-sheet (1689-1698 cm −1 ) proteins in H 2 O solutions [23, 24] . In addition, a similar high wavenumber β-sheet band has also been observed in the spectra of several other proteins with parallel β-sheet structures as a part of the 8-fold βα-barrel motif (unpublished data). Therefore, caution must be reiterated that the co-appearance of a high and a low wavenumber β-sheet components in the amide I region should not be used as an exclusive indicator of the antiparallel β-sheet structures in the proteins.
The band component at 1663±3 cm −1 could arise from several secondary structural elements including α II (distorted) helix [47, 48] , 3 10 -helix [29, 49] and type III turn [23, 50] . Unfortunately, the three structures are indistinguishable by infrared spectroscopy for proteins in H 2 O solution [23] . The exact assignment of the 1663±3 cm −1 band has to be made with additional information from other techniques. In this case, X-ray crystal structure has shown that yeast enolase contains no α II (distorted) helix. However, it does contain four sections of 3 10 -helix and seven type III or type III turns (PBD entries 3ENL and 4ENL). Thus, we can assign the 1661 cm −1 band in the spectrum of the native state to a combination of 3 10 -helix and type III turns (Table 2) .
Thermal and chemothermal denaturation
With its unique ββαα(βα) 6 barrel structure, yeast enolase exhibited a thermal denaturation process not significantly different from that of proteins with predominant α-helix [15] or β-sheet structure [51, 52] in H 2 O solution as observed by FT-IR spectroscopy. Similar to many monomeric proteins, the thermal denaturation process of dimeric yeast enolase was highly cooperative, irreversible and describable with a two-state model. The structural transition from a native state (dimer) to denatured aggregates (assumable monomers) occurred within a narrow range of temperatures with a midpoint of ∼58 • C and without any detectable intermediate. This result is comparable to the data reported for TIM from various species [16] [17] [18] 45] . The majority of the studies has shown that the thermal denaturation process of TIM is irreversible and tightly linked to the aggregation process, with few exceptions at low protein concentrations and faster scanning rate [53, 54] . At low protein concentration (0.01 mg/ml) and a scanning rate greater than 1.0 • C min −1 , the thermal denaturation of TIM is fully reversible [54] . The melting temperatures for the wild type TIMs were generally observed between 54-60 • C [16] [17] [18] .
Addition of low concentrations of chemical denaturant gdnHCl destabilizes the overall structure of the enzyme and promotes structural transition from the native to aggregated state at lower temperatures. The presence of low concentration of gdnHCl in the solution seems to alter the composition of residual structures of the aggregated state. The second-derivative spectra of thermally aggregated enolase obtained in the presence of 0.4 M gdnHCl share greater similarity to the spectra recorded in the absence of gdnHCl. However, the spectra of aggregated state in the presence of 0.6 M gdnHCl differ significantly from the spectra of absence of gdnHCl. The overall band areas associated with the β-sheet aggregates are much less in the presence of 0.6 M gdnHCl than that of the absence of gdnHCl.
Chemical unfolding
The lack of clearly defined isosbestic point in the overlaid spectra of unfolding suggests that the gdnHCl-induced equilibrium unfolding of yeast enolase is a multi-state event. The appearance of an intermediate characterized as an aggregate at low concentrations (0.6-1.0 M) of gdnHCl indicates that a partially unfolded enolase is very unstable and prone to aggregate. Aggregates at low concentration of gdnHCl (0.8-1.2 M) were also reported in the case of TIM [55] . The gdnHCl unfolding profile (Fig. 6) shows that disruption of native α-helical structure occurred at early stages of unfolding at gdnHCl concentrations between 0.4 and 1.6 M. The midpoint of transition is centered at around 0.8, which falls in the midpoint range of 0.5-1.1 M gdnHCl reported for TIM of various species [19, 20] . These results suggest that the proteins with similar structural motif share some common features in their thermal and chemical stability. The antiparallel insertion of β 2 strand in the inner β 8 -barrel, as well as the ββαα(βα) 6 arrangement in yeast enolase have not affected the overall conformational stability of the protein in relation to the conformational stability of the archetypal (βα) 8 -barrel protein TIM.
The study of gdnHCl-induced unfolding of proteins by FT-IR spectroscopy is limited to the proteins with low chemical resistance to gdnHCl denaturation (<3.5 M) in H 2 O solution with a 6µ spacer, due to a strong C=N stretching vibration (1675 cm −1 ) of guanidine molecules [13] . A higher concentration of gdnHCl will block the IR signal in the amide I region to reach the detector, thus preventing the analysis of protein secondary structures. With the proteins of low chemical resistance, FT-IR spectroscopy can provide important structural information about chemical unfolded state that no other techniques currently available are capable of. In the current study, we continue to monitor the amide I spectral changes after the disappearance of the native-like secondary structures. The result shows that the gdnHCl-unfolded state contains structural elements other than random coil, such as turns and loops. In Fig. 5 , it is evident that the amide I spectra of the enzyme continue to change after the unfolding transition is complete (gdnHCl >1.6 M). Our FT-IR spectroscopic data is consistent with Dill's Heteropolymer theory, which predicts that the denatured state of a protein will continue to expand, as the denatured solution becomes a better solvent for the unfolded proteins [37, 56] . It is also consistent with the previous reported observation on gdnHCl-induced unfolding of cytochrome c [13] .
